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Cells with the potential to form skeletal muscle are present in the chick embryo prior to gastrulation. Muscle differentiation
begins after gastrulation within the somites. The role of cadherin-mediated adhesion in the commitment and differentiation
of skeletal muscle precursor cells was examined by analyzing the expression of cell±cell adhesion molecules in cultures
of epiblast, segmental plate, and somite cells and by determining the effects of adhesion-perturbing antibodies on the
accumulation of MyoD and sarcomeric myosin. Cultured primitive streak stage epiblast cells downregulate E-cadherin
and upregulate N-cadherin. This switch in cadherin expression also occurs in vivo as epiblast cells enter the primitive
streak. Although MyoD protein is present in cells with N- or E-cadherin, only cells with N-cadherin differentiate into
skeletal muscle. In contrast to the primitive streak stage epiblast cells, prestreak epiblast cells maintain the expression of
E-cadherin in vitro. While the majority of prestreak cells contain MyoD, only a few synthesize myosin. Treatment of
primitive streak stage epiblast cells with function-perturbing antibodies to N-cadherin resulted in an inhibition of myosin
accumulation and a decrease in the percentage of cells with MyoD. Segmental plate and somite cells are similar to primitive
streak stage epiblast cells in that most differentiated into skeletal muscle when cultured in serum-free medium. While
function-perturbing antibodies to N-cadherin inhibited the accumulation of myosin in these mesoderm cells, the number
of MyoD positive cells was unaffected in somite cultures and only partially reduced in segmental plate cultures. These
results suggest that N-cadherin-mediated cell±cell adhesion is involved in both the commitment of muscle precursors and
their terminal differentiation. q 1997 Academic Press
INTRODUCTION tive streak formation (George-Weinstein et al., 1996a). The
primitive streak is the site where epiblast cells ingress and
migrate laterally to form the mesoderm and endoderm, aThe formation of skeletal muscle occurs in distinct
process called gastrulation (Bellairs, 1986). When the epi-phases (for review see Christ and Ordahl, 1995; Cossu et
blast layer is isolated from primitive streak stage embryos,al., 1996; George-Weinstein et al., 1996b). The process be-
dissociated, and cultured at high density in serum-free me-gins when embryonic cells develop the competence to un-
dium, 99% of the cells express the skeletal muscle-speci®cdergo myogenesis. This potential is later stabilized as cells
transcription factor MyoD and most differentiate into skele-become irreversibly committed to differentiate into skeletal
tal muscle (George-Weinstein et al., 1996a).muscle. Terminal differentiation, i.e., withdrawal from the
Although some epiblast cells may be stably committedcell cycle and initiation of the synthesis of contractile pro-
and function as founder cells for the skeletal muscle lineageteins, begins in the chick embryo by 48 hr of development
(Choi et al., 1989; George-Weinstein et al., 1996a,b), most(Holtzer et al., 1957; Stern and Hauschka, 1995).
are pluripotential since the epiblast gives rise to all tissuesCells with the potential to undergo skeletal myogenesis
of the embryo in vivo (Stern and Canning, 1990; Rosenquist,are present in the epiblast layer of the chick embryo when
1966; Fontaine and Le Douarin, 1977). Stabilization of myo-the egg is laid (George-Weinstein et al., 1996a,b). Their
genic potential, or commitment, appears to occur in meso-numbers increase dramatically during early stages of primi-
dermal structures called somites (for review see Christ and
Ordahl, 1995; Cossu et al., 1996; George-Weinstein et al.,
1996b). Factors such as sonic hedgehog and members of1 To whom correspondence should be addressed. Fax: 215-871-
6540. E-mail: MINDYW@PCOM.EDU. the Wnt family released by the notochord and neural tube,
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respectively, appear to be involved in promoting the differ-
entiation of somite cells (Fan et al., 1994, 1995; Johnson et
al., 1994; Stern et al., 1995; Munsterberg et al., 1995).
In addition to interactions between the somite and sur-
rounding tissues, local cell±cell interactions are important
for promoting myogenesis. Embryonic cells differentiate
into skeletal muscle when present in groups, the size of
which varies with the experimental conditions. This phe-
nomenon, called the Community Effect (Gurdon et al.,
1988), was ®rst described in the early Xenopus laevis em-
bryo (Gurdon et al., 1988, 1992; Sargent et al., 1986) and
more recently in cultures of mouse somite cells (Cossu et
al., 1995). Cell±cell interactions also are important for the
differentiation of chick embryo epiblast cells since myogen-
esis occurs to a far greater extent when they are cultured
at high density rather than low density (George-Weinstein
et al., 1996b).
Communication between neighboring cells could occur
through secretion of locally acting factors and/or direct
cell±cell contacts. In the Xenopus embryo, cell contact me-
diated by cadherins appears to be required for generating
muscle precursors (Holt et al., 1994). Injection of a domi-
nant negative N-cadherin mRNA into two- to four-cell em-
bryos suppressed the expression of MyoD at stages 16±18.
Rescue of MyoD expression was accomplished by coinjec-
tion of full-length N- or E-cadherin mRNA, suggesting that FIG. 1. Development of the chick embryo from the time of laying
either cadherin could support MyoD expression. to stage 14. (A) Eyal-Giladi and Kochav's stage X embryo is viewed
Cadherins mediate calcium-dependent, homotypic cell± from its dorsal surface. The primitive streak has not yet begun to
form. (B) The primitive streak has reached its full length in thecell adhesion (Takeichi, 1988, 1991). The cadherin cyto-
Hamburger and Hamilton stage 4 embryo. (C) The stage 4 embryoplasmic domain binds b-catenin which in turn binds a-
was transversely sectioned through the region indicated in B. Epi-catenin (Aberle et al., 1994; Jou et al., 1995). a-Catenin
blast cells have ingressed through the primitive streak to form thebinds to a-actinin (Knudsen et al., 1995) or actin (Rimm
mesoderm. (D) Twenty to 22 pairs of somites have formed fromet al., 1995). Thus, the catenins link the cadherins to the
the rostral end of the segmental plate in the stage 14 embryo.cytoskeleton (Wheelock et al., 1996). This linkage is re-
quired for full adhesive activity (Nagafuchi and Takeichi,
1988; Ozawa et al., 1990) and likely acts to organize the
cytoskeleton (Peralto Solter and Knudsen, 1994). In addition
that practically all are capable of differentiating into skele-to its role in cell adhesion, b-catenin is part of the wnt/
tal muscle.wingless signal transduction pathway (Peifer et al., 1994;
Klingensmith and Nusse, 1994; Hinck et al., 1994; Heasman
et al., 1994; Peifer, 1995; Gumbiner, 1995) and is involved
MATERIALS AND METHODSin regulating transcription by binding to TCF-1/LEF-1 tran-
scription factors (Molenaar et al., 1996; Behrens et al., 1996).
Cell CultureWe have examined the role of cadherin-mediated cell±
cell interactions in the commitment and differentiation of Methods for the preparation of cultures of epiblast cells from
skeletal muscle precursor cells of the chick embryo. The prestreak (Eyal-Gilade and Kochav, 1976: stages X±XI) and primi-
expression of cadherins, catenins, and the calcium-indepen- tive streak stage embryos (Hamburger and Hamilton, 1951: three
to four) and stage 13±14 segmental plate and somite cells weredent cell±cell adhesion molecule NCAM was analyzed in
described previously (George-Weinstein et al., 1994, 1996a,b). Thecultures of prestreak and primitive streak stage epiblasts,
appearance of these embryos is shown in Fig. 1. Brie¯y, epiblasts,segmental plate, and somite cells. We have found that al-
segmental plates, and the eight most caudal pairs of somites werethough MyoD is expressed in epiblast cells with N- or E-
isolated and removed from the embryo. The tissues were dissoci-cadherin, only primitive streak stage epiblast cells with N-
ated in trypsin and plated at 21 104 cells in 10 ml DMEM containingcadherin alone differentiate into skeletal muscle. Antibody
5% fetal bovine serum, 5% horse serum, 5% chick embryo extract,
perturbation studies revealed that N-cadherin-mediated cell and antibiotics (serum/ medium) in the center of 35-mm tissue
adhesion was required for the accumulation of myosin in culture dishes coated with gelatin and ®bronectin. Ninety minutes
epiblast, segmental plate, and somite cells in vitro. These after plating, dishes were ¯ooded with 1.5 ml of either serum/
experiments also revealed that segmental plate mesoderm medium or serum and protein-free DMEM/F12 medium (1:1 v/v)
(GIBCO) (serum-free medium).cells are similar to primitive streak stage epiblast cells in
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Immuno¯uorescence Localizations
Cells were ®xed in methanol for 10 min at0207C when applying
monoclonal antibodies to cadherins and catenins and in 2% formal-
dehyde for 10 min at room temperature for all other antibodies.
Mouse monoclonal antibodies used for immuno¯uorescence local-
izations include MF20 to myosin heavy chain (Bader et al., 1982),
7D6 to LCAM/E-cadherin (Gallin et al., 1983), and 5e to NCAM
(Watanabe et al., 1986), all obtained from the Developmental Stud-
ies Hybridoma Bank; 9F2 to b-catenin, 1G5 to aE-catenin (Johnson
et al., 1993), and NCAT-2 to aN-catenin (from Dr. Masatoshi Ta-
keichi; Hirano et al., 1992); and 6B3 to N-cadherin (see below). FIG. 2. Immunoblot analysis of antibodies to N-cadherin. NP-40
Double labeling was performed with rabbit polyclonal antibodies extracts of hearts from 11-day chick embryos were resolved by
to N-cadherin (Wheelock and Knudsen, 1991) or NCAM (from Dr. SDS±PAGE, transferred to nitrocellulose, and immunoblotted with
Urs Rutishauser; see Knudsen et al., 1990), goat polyclonal antibod- the mouse monoclonal antibody 6B3, the rat monoclonal antibody
ies to LCAM/E-cadherin (from Dr. Warren Gallin; Terry and Gallin, NCD-2, or the mouse monoclonal antibody 13A9. 6B3 and NCD-
1994), and the MF20 mouse monoclonal antibody to colocalize 2 recognized the full-length 135-kDa N-cadherin and a 100-kDa
adhesion molecules and sarcomeric myosin. Rabbit polyclonal anti- extracellular fragment. The 13A9 antibody against the intracellular
bodies to MyoD were gifts from Drs. Bruce Paterson and Stefano domain only recognized the full-length N-cadherin.
Alema. Polyclonal antiserum to Myf5 was obtained from Santa
Cruz Labs. (CA). Species or isotype-speci®c, af®nity-puri®ed,
F(ab* )2 secondary antibodies were conjugated with rhodamine, ¯u-
orescein, or Texas Red (Cappel, Chemicon, and Jackson Labs.). bit polyclonal IgG and Fab fragments (Peralta Soler and Knudsen,
1994; Wheelock and Knudsen, 1991). A nonfunction perturbing
mouse monoclonal antibody to N-cadherin (7.2.3 from Dr. Benja-
Generation of the 6B3 Monoclonal Antibody and min Geiger) was used as a control. Adhesion-perturbing rabbit poly-
Western Blot Analysis clonal anti-NCAM IgG and Fab fragments and goat polyclonal anti-
LCAM/E-cadherin IgG were gifts from Drs. Urs Rutishauser and
The monoclonal antibody 6B3 was generated by immunizing Warren Gallin, respectively.
two mice with the N-cadherin/catenin complex isolated from the The effect of adhesion-perturbing antibodies on myogenesis was
nonionic detergent extract of 11-day chick embryo hearts by af®n- determined by ®xing the cells 24 hr after addition of the antibodies.
ity chromatography using the 13A9 monoclonal antibody to the The presence of myosin heavy chain was determined by labeling
intracellular domain of N-cadherin (Knudsen et al., 1995) and the cells with the MF20 antibody (IgG2b) and either an anti-mouse
1G5 antibody to a-catenin (Johnson et al., 1993). The spleens of secondary antibody if the cultures had been treated with rat or
the two mice were combined and then fused with the myeloma cell rabbit antibodies or an anti-IgG2b secondary antibody if they were
line P3/NSI/1-AG4-1 derived from the ATCC nonsecreting clone of treated with IgG1 monoclonal antibodies (7.2.3 and 6B3).
PSX63Ag3. 6B3 stained chick skeletal myoblasts with a pattern
identical to both the rat monoclonal antibody NCD-2 (Hatta and
Takeichi, 1986) and the 13A9 antibody.
Western blot analysis was carried out by extracting hearts from RESULTS
11-day chick embryos with NP-40, resolving the extract by SDS±
PAGE, transferring it to nitrocellulose, and probing with antibodies Expression of Cell±Cell Adhesion Molecules and
as described in Wheelock and Knudsen (1991). The mouse mono-
Sarcomeric Myosin in Epiblast Culturesclonal antibody 6B3 and rat monoclonal antibody NCD-2 recognize
a 100-kDa extracellular fragment (Wheelock and Knudsen, 1991) Chick embryo epiblast cells downregulate E-cadherin and
as well as the full-length 135-kDa N-cadherin (Fig. 2). Thus, it upregulate N-cadherin as they enter the primitive streak in
appears that 6B3, like NCD-2, recognizes the extracellular domain. vivo (Edelman et al., 1983; Hatta and Takeichi, 1986). This
In contrast, the 13A9 mouse monoclonal antibody generated
pattern of cadherin expression is recapitulated in vitro byagainst the intracellular domain only recognizes the full-length N-
primitive streak stage epiblast cells. N- and/or E-cadherincadherin (Knudsen et al., 1995). Comparison of 6B3 and NCD-2 by
positive populations were present in 24-hr cultures (Tableimmunoblot analysis of limited trypsin and chymotrypsin digests
1; Fig. 3). Although most cells expressed either N- or E-of N-cadherin revealed that the antibodies recognized identical pro-
teolytic fragments (Moore et al., manuscript in preparation), sug- cadherin, some cells contained both cadherins (15% at 24
gesting that 6B3 and NCD-2 bind to nearby sites. hr) (Fig. 3). By 48 hr, the percentage of E-cadherin positive
cells was greatly reduced, whereas all cells had N-cadherin.
The calcium-independent cell±cell adhesion molecule
Treatment of Epiblast and Mesoderm Cells with NCAM was present on most cells 48 hr after plating; how-
Adhesion-Perturbing Antibodies ever, a large variation in its expression was observed in 5-
day cultures (Table 1).Adhesion-perturbing antibodies were added to the cultures at a
To determine whether the conversion from E- to N-cad-concentration of 50±200 mg/ml, 90 min after plating. Adhesion-
herin correlated with muscle differentiation, double-labelperturbing antibodies to N-cadherin include rat NCD-2 mono-
studies were performed in cultures of primitive streak stageclonal antibody (from Dr. Masatoshi Takeichi; Hatta and Takeichi,
1986), mouse 6B3 monoclonal antibody (described above), and rab- epiblast cells using antibodies to sarcomeric myosin and
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TABLE 1 Expression of Cell±Cell Adhesion Molecules and
Myogenesis and the Expression of Cell±Cell Adhesion Molecules Sarcomeric Myosin in Somite and Segmental
in Cultures of Primitive Streak Stage Epiblast Cells Plate Cultures
Percentage positive Consistent with in vivo analyses (Edelman et al., 1983;
Hatta and Takeichi, 1986; Duband et al., 1987), cultured
24 hr 48 hr 120 hr segmental plate and somite cells expressed N-cadherin but
not E-cadherin (Fig. 4). a- and b-catenin and NCAM alsoA.
were present in both cell types (Fig. 4).N-cadherin 64 { 20 (4) 100 (4) 94 { 8 (4)
We had shown previously that somite cells differentiatedE-cadherin 47 { 14 (8) 12 { 11 (11) 31 { 5 (4)
NCAM 48 { 9 (4) 73 { 13 (4) 54 { 34 (6) to a greater extent than segmental plate cells when cultured
aE-catenin 93 { 8 (4) 89 { 7 (4) 96 { 3 (4) in medium containing sera and embryo extract (serum/ me-
b-Catenin 94 { 5 (4) 99 { 2 (4) 99 { 1 (4) dium) (George-Weinstein et al., 1994). Different results
MyoD 97 { 1 (5) 96 { 1 (4) 99 { 4 (5) were obtained when the dishes were ¯ooded with serum-
Myosin 14 { 6 (7) 33 { 3 (5) 83 { 4 (4) free medium instead of serum/ medium. The percentages
of muscle cells in somite and segmental plate cultures were
B. similar when cultured in serum-free medium (Table 3). Fur-
Myosin / N-cadherin 92 { 3 (4) thermore, incubation in serum-free medium resulted in 1.7-
Myosin / E-cadherin 0 (4) and 2.4-fold increases in muscle differentiation in somite
Myosin / NCAM 89 { 12 (4) and segmental plate cultures, respectively, compared to
cells grown in serum/ medium (data not shown). The differ-Note. Primitive streak stage epiblast cells (stages 3±4) were single
ence in the extent of myogenesis in the two media did notlabeled with antibodies to adhesion molecules, myosin, and MyoD
re¯ect differential attachment of somite and segmental(A) or double labeled with antibodies to adhesion molecules and
plate cells (George-Weinstein et al., 1994) or different ratesmyosin (myosin / N-cadherin, E-cadherin, or NCAM) (B). Values
are means { standard deviation. The number of cultures scored is of growth since the numbers of attached cells in 24-hr cul-
indicated in parentheses. Greater than 200 cells were scored per tures were similar (data not shown). Consistent with the
culture. (A) For single-labeled cells, % positive  ¯uorescent cells high rate of myogenesis in serum-free medium, more than
4 total cells 1 100. (B) For double-labeled cells, % positive  cells 90% of somite and segmental plate mesoderm cells con-
positive for both myosin and the adhesion molecule 4 total myosin tained MyoD and Myf5 proteins (Fig. 4; Table 3).
positive cells1 100. Primitive streak stage epiblast cells downregu-
late E-cadherin and upregulate N-cadherin in culture. Myosin is
present in cells with N-cadherin and NCAM, but not in cells with Effect of Adhesion-Perturbing Antibodies onE-cadherin.
Myogenesis in Vitro
A requirement for cell±cell adhesion during myogenesis
was tested by incubating primitive streak stage epiblast,
segmental plate mesoderm, and somite cells with antibod-the cadherins. Myosin was detected in N-cadherin positive
cells, but not in cells with E-cadherin or both cadherins ies that perturb the adhesion mediated by N-cadherin, E-
cadherin, or NCAM. The antibodies utilized in these stud-(Table 1; Fig. 3). Some cells with NCAM also expressed
myosin. MyoD protein was present in N- and E-cadherin ies have been shown to block the adhesive function of these
molecules in a speci®c and nontoxic manner in other cellpositive cells (Table 1).
In contrast to the results obtained with primitive streak types (Hatta and Takeichi, 1986; Knudsen, 1990; Terry and
Gallin, 1994; Peralta Soler and Knudsen, 1994; Moore et al.,stage cells, epiblast cells from prestreak embryos (Eyal-
Gilade and Kochav's stages X±X1; Hamburger and Hamil- manuscript in preparation) and produced no observable ill
effects in cultures of epiblast or mesoderm cells. Signi®cantton's stage 1) continued to express E-cadherin over time in
culture and only a small percentage contained N-cadherin cell loss did not occur in response to these antibodies. Ag-
gregates of epiblast cells were observed in the presence or(Fig. 3; Table 2). Few prestreak cells expressed myosin, al-
though many contained MyoD protein (Table 2). More cells absence of individual antibodies. This apparent lack of ef-
fect on cell±cell adhesion most likely re¯ects the activityexpressed MyoD than N-cadherin indicating that MyoD
also was present in E-cadherin positive cells. of multiple classes of adhesion molecules expressed by the
cells.An additional difference between primitive streak and
prestreak stage epiblast cells was found in the expression Antibodies to N-cadherin inhibited the accumulation of
myosin in 24 hr cultures of primitive streak stage epiblastof a-catenin. Most primitive streak stage cells expressed aE-
catenin while prestreak cells contained aE- or aN-catenin cells (Table 3). In contrast, no signi®cant effect on myosin
expression was found when these cells were treated with(Tables 1 and 2; Fig. 3). The signi®cance of the difference
in a-catenin expression in the two cell types is unclear since antibodies to NCAM or E-cadherin, nonimmune IgG, or a
non-function-perturbing monoclonal antibody to N-cad-no functional differences have been reported between the
aE and aN isoforms. Epiblast cells from both stages con- herin (7.2.3). The inhibition of myosin expression produced
by antibodies to N-cadherin was accompanied by a decreasetained b-catenin.
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FIG. 3. Expression of cell±cell adhesion molecules in cultures of prestreak and primitive streak stage epiblast cells. Twenty-four-hour cultures
of primitive streak stage epiblast cells were double labeled with antibodies to N- and E-cadherin. Subpopulations of cells expressed E-cadherin
but not N-cadherin (arrows, A and B), N-cadherin but not E-cadherin (arrowhead, C and D), or both cadherins (C and D). These cells also
expressed NCAM, a-catenin, and b-catenin (E±G). Double labeling with antibodies to cadherins and myosin heavy chain demonstrated that
cells with N-cadherin but not E-cadherin expressed myosin (H±K). Arrows show myosin ®laments in N-cadherin positive cells (I). Fewer prestreak
epiblast cells expressed N-cadherin than E-cadherin. aN- and b-catenin were present also in prestreak epiblast cells (L±O). Bar  10 mm.
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TABLE 2 bodies; however, this reduction was less than the number
Skeletal Myogenesis and the Expression of Cell±Cell Adhesion of cells expressing E-cadherin alone in untreated cultures
Molecules in Cultures of Preprimitive Streak Stage Epiblast Cells (Tables 1 and 3).
The effect of function-perturbing antibodies to cell adhe-
Percentage positive sion molecules also was tested in cultures of mesoderm
cells (Table 3). The percentage of somite and segmental24 hr 48 hr 120 hr
plate cells with detectable levels of myosin was greatly re-
N-cadherin 14 { 6 (6) 17 { 10 (5) 12 { 4 (5) duced after treatment with the NCD2 or 6B3 antibody. The
E-cadherin 41 { 12 (4) 67 { 11 (4) 95 { 1 (5) 6B3 antibody was not toxic to these cells as they were able
NCAM 34 { 8 (4) 45 { 8 (4) 51 { 19 (9) to differentiate when the 6B3-containing medium was re-
aE-catenin 64 { 13 (5) 69 { 23 (5) placed with antibody-free medium on the second day in
aN-catenin 0 (8) 33 { 8 (9)
culture (data not shown). Differentiation proceeded nor-b-Catenin 82 { 4 (4) 97 { 2 (4)
mally in the presence of the non-function-perturbing 7.2.3MyoD 74 { 24 (4) 89 { 5 (3) 74 { 30 (6)
antibody to N-cadherin or antibodies to NCAM (Table 3).Myosin 0 (4) 0 (5) 1 { 1 (10)
Although function-perturbing antibodies to N-cadherin
Note. Preprimitive streak stage epiblast cells (stages X±XI) were inhibited myosin accumulation in somite cells, the number
labeled with antibodies to adhesion molecules, myosin, and MyoD. of cells containing MyoD was unaffected (Table 3). The
Percentage positive  ¯uorescent cells 4 total cells 1 100. Values NCD2 antibody did produce a slight reduction in the num-
are means { standard deviation. The number of cultures scored is ber of MyoD positive segmental plate cells; however, the
indicated in parentheses. Greater than 200 cells were scored per
decrease varied from culture to culture and was not propor-culture. E-cadherin positive cells increased in prestreak epiblast
tional to the inhibition of myosin expression (Table 3).cultures. Few cells expressed myosin.
DISCUSSION
in the number of cells containing MyoD protein propor-
tional to the population of cells expressing N- but not E- The embryo of the freshly laid chicken egg is composed
of the epiblast and an incompletely formed hypoblast. Atcadherin (Tables 1 and 3). A slight decrease in MyoD posi-
tive cells was observed after treatment with E-cadherin anti- this time, the epiblast contains a small population of cells
FIG. 4. Expression of cell±cell adhesion molecules, muscle regulatory factors, and myosin heavy chain in cultures of somite and segmental
plate mesoderm cells. Stage 13±14 somite and segmental plate cells were ®xed and labeled with antibodies 48 hr after plating. Both cell
types expressed N-cadherin, NCAM, and a- and b-catenin. The muscle regulatory transcription factors MyoD and Myf5 were localized
to the nucleus. Cells also synthesized myosin heavy chain. Bar  10 mm.
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TABLE 3
Effect of Antibodies to Cell±Cell Adhesion Molecules on Myogenesis
Segmental plate mesoderm
Epiblast cells cells Somite cells
% Myosin/ % MyoD/ % Myosin/ % MyoD/ % Myosin/ % MyoD/
No antibodies 14 { 6 (7) 98 { 2 (3) 69 { 5 (8) 96 { 2 (4) 71 { 6 (11) 93 { 1 (4)
Nonimmune IgG 19 { 15 (4)
Nonimmune Fab 13 { 10 (4)
E-cad IgG 17 { 9 (4) 94 { 2 (3)
NCAM IgG 12 { 9 (3) 74 { 9 (4) 78 { 5 (4)
NCAM Fab 18 { 5 (3)
N-cad IgG 2 { 1 (8)
N-cad Fab 5 { 3 (4)
N-cad NCD2 MAb 0 (6) 38 { 17 (4) 11 { 5 (4) 82 { 10 (4) 20 { 9 (7) 92 { 2 (4)
N-cad 6B3 MAb 20 { 8 (9) 30 { 5 (6)
N-cad 7.2.3 MAb 24 { 9 (5) 71 { 4 (4) 73 { 2 (4)
Note. Stage 3±4 epiblast cells and stage 13±14 segmental plate and somite cells were incubated in the presence or absence of antibodies
for the ®rst 24 hr in culture, then ®xed and labeled with the MF20 monoclonal antibody (MAb) to myosin heavy chain. Antibodies were
used at a concentration of 200 mg/ml except NCD2, 6B3, and 7.2.3 which were used at 100 mg/ml. Percentage positive  number of myosin
or MyoD positive cells 4 total cells1 100. Values are means{ standard deviation. The number of cultures scored is indicated in parentheses.
A minimum of 200 cells were scored per culture. Only function perturbing antibodies to N-cadherin inhibited the differentiation of
epiblast cells (N-cadherin IgG or NCD2 versus no antibodies or E-cadherin antibodies: P £ 0.0005; N-cadherin IgG or NCD2 versus
nonimmune IgG or NCAM IgG: P £ 0.005; N-cadherin Fab versus no antibodies: P £ 0.025). The NCD2 and 6B3 antibodies to N-cadherin
also inhibited muscle differentiation in somite and segmental plate cultures (P £ 0.0005). The N-cadherin antibody reduced the number
of MyoD positive epiblast (P £ 0.0005) and segmental plate cells (P £ 0.025). No signi®cant differences were found in somite cells with
MyoD in the presence or absence of antibodies. Antibodies to NCAM and the nonfunction perturbing 7.2.3 antibody to N-cadherin did
not affect the differentiation of epiblast, segmental plate, or somite cells.
capable of differentiating into skeletal muscle (George- by the notochord and stimulates the development of the
sclerotome (Fan and Tessier-Lavigne, 1994; Johnson et al.,Weinstein et al., 1996a,b; present studies). Within a period
of approximately 6 hr (between stages 2 and 3), most cells 1994; Fan et al., 1995) may be required to reprogram myo-
genic cells of the somite to undergo chondrogenesis.of the epiblast acquire the ability to undergo myogenesis
and will differentiate if isolated from surrounding tissues, Disruption of cell±cell contacts present within the epi-
blast, segmental plate, and newly formed somites in vivodissociated, and cultured at high density in serum-free me-
dium (George-Weinstein et al., 1996a). The potential to appears to be an important step in triggering myogenesis in
vitro (George-Weinstein et al., 1994, 1996a). Differentiationform muscle is maintained after epiblast cells gastrulate
and form the segmental plate mesoderm and somites. These either does not occur (Avery et al., 1956; Vivarelli and
Cossu, 1986; Kenny-Mobbs and Thorogood, 1987; Buf®ngermesoderm cells behave similarly to primitive streak stage
epiblast cells in that most of them differentiate into skeletal and Stockdale, 1994; Munsterberg and Lassar, 1995; Stern
et al., 1995) or is delayed (George-Weinstein et al., 1996a)muscle in vitro, in the absence of surrounding tissues and
the factors they secrete. when these cells are cultured as an intact tissue. This may
re¯ect the activity of inhibitors of myogenesis in vivo thatThe dominance of the skeletal muscle pathway appears
to result from the rapid upregulation of MyoD expression are either directly or indirectly inactivated by tissue dissoci-
ation. Potential inhibitors of myogenesis are the cell surfacein vitro (George-Weinstein et al., 1996a). This appears to be
a relatively autonomous process in that other tissues of protein Notch (Bate et al., 1993; Kopan et al., 1994; Lindsell
et al., 1995) and the basic helix±helix±helix proteins Idthe embryo are not required for the stimulation of MyoD
expression and actually repress myogenesis in epiblast cul- (Benezra et al., 1990; Jen et al., 1992) and Twist (Spicer et
al., 1996).tures. Nevertheless, small populations of cultured epiblast
(George-Weinstein et al., 1996a,b), segmental plate, and so- While release from inhibition appears to be essential for
myogenesis, establishment of adhesive interactions amongmite cells (unpublished data) cultured in serum-free me-
dium do synthesize type II collagen, a product of chon- cells promotes differentiation. The positive in¯uence of
cell±cell contacts on myogenesis, called the Communitydroblasts. Signi®cantly more chondroblasts and fewer mus-
cle cells emerge when these cells are cultured in medium Effect (Gurdon, 1988), was demonstrated with cells of the
early Xenopus embryo (Sargent et al., 1986; Gurdon et al.,containing sera and embryo extract rather than serum-free
medium (George-Weinstein et al., 1994 and unpublished 1992) and cultured mouse somites (Cossu et al., 1995). Injec-
tion of a dominant negative pan-cadherin mRNA into two-data). Thus, a factor such as sonic hedgehog that is secreted
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to four-cell Xenopus embryos prevented subsequent expres- tional cadherins such as cadherin-11 (Kimura et al., 1995)
may be present and function to enhance MyoD expression.sion of MyoD (Holt et al., 1994). This dominant negative
cadherin mRNA encoded a protein lacking the extracellular Third, it is possible that previous N-cadherin-mediated
cell±cell adhesions within the newly formed segmentaldomain and therefore was nonfunctional in cell±cell adhe-
sion. Rescue of MyoD expression and reestablishment of plate prime these cells for the eventual upregulation of
MyoD in the somite.cell±cell adhesion were accomplished by coinjection of full-
length mRNA for either N- or E-cadherin. Enhanced adhesion during the compaction of the segmen-
tal plate and epithelialization of the somites likely plays aThe results of our experiments demonstrate a role for
cadherin-mediated cell adhesion both upstream and down- role in myosin expression. While the upregulation of MyoD
that occurs in the somite (Pownall and Emerson, 1992) maystream of MyoD and an apparent speci®city of N-cadherin
for the expression of myosin. Similar to the ®ndings with re¯ect a release from inhibition from factors such as Notch,
Id, or Twist, the expression of myosin appears to dependthe Xenopus embryo (Holt et al., 1994), both E- and N-
cadherin appear to support MyoD expression in chick em- not only on the presence of MyoD, but also on a stimulatory
in¯uence triggered by cadherin-mediated adhesion.bryo cells. Although primitive streak stage epiblast cells
expressed either E- or N-cadherin at early times in culture, In vivo, the epithelialization of the somite, upregulation
of MyoD, and differentiation are temporally related, sug-practically all contained MyoD protein (George-Weinstein
et al., 1996a and present studies). Most prestreak stage epi- gesting that a similar signaling pathway(s) may be involved
in these events. Cadherin-mediated adhesion is likely toblast cells expressed E-cadherin and MyoD in vitro. Anti-
bodies to N-cadherin reduced the number of primitive play a critical role in these processes. The Wnt signaling
pathway may regulate muscle differentiation in the somitestreak stage cells with MyoD in proportion to the percent-
age of cells expressing only N-cadherin. In contrast, expo- in concert with N-cadherin. Wnt-1 has been shown to stabi-
lize cadherin-mediated adhesion (Bradley et al., 1993; Hincksure to E-cadherin antibodies produced only a limited reduc-
tion in MyoD expression. This may re¯ect a stimulation of et al., 1994) and to stimulate somite myogenesis (Stern et
al., 1995; Munsterberg et al., 1995). Wnt also increases in-conversion from E- to N-cadherin in response to the pertur-
bation of E-cadherin activity. E-cadherin antibodies have tracellular signaling by b-catenin (Gumbiner, 1995; Peifer,
1995). Presumably this involves the association of b-cateninbeen shown to induce a mesenchymal morphology, the ex-
pression of the mesodermal marker vimentin, and loss of with the HMG box family of transcription factors and their
activation of gene expression (Molenaar et al., 1996; BehrensE-cadherin in cultures of mouse epiblast cells (Burdsal et
al., 1993). et al., 1996). Signaling via b-catenin is necessary for meso-
derm formation in Xenopus (Heasman et al., 1994) andAlthough both E- and N-cadherin appear permissive for
MyoD expression, epiblast cells with N-cadherin, but not mouse embryos (Haegel et al., 1995). Moreover, Dishev-
elled, which like b-catenin is downstream in the Wnt path-those with E-cadherin alone or N- and E-cadherin, accumu-
late myosin. Several possibilities exist for the apparent spec- way, is capable of blocking the inhibitory Notch signal in
the Drosophila embryo (Axelrod et al., 1996). Thus, thei®city of N-cadherin in muscle differentiation. First, E-
cadherin could be repressive to differentiation. This is un- Wnts produced by the neural tube (Parr et al., 1993; Mun-
sterberg et al., 1995) may function to release somite cellslikely considering that function-perturbing antibodies to E-
cadherin did not enhance the rate of differentiation in epi- from inhibitors of differentiation, alter transcription, and
enhance N-cadherin-mediated adhesive interactions thatblast cultures. Second, the apparent speci®city of N-cadh-
erin versus E-cadherin in promoting muscle differentiation promote myogenesis.
N-cadherin also appears to play a role in myogenesiscould result from differences in the structure and function
of these molecules. Finally, the switch from E- to N-cadh- within the limb bud. Injection of a function-perturbing anti-
body to N-cadherin into the chick limb resulted in incor-erin that occurs as epiblast cells enter the primitive streak
in vivo and when they are placed in culture may be accom- rectly positioned aggregates of myoblasts that differentiated
prematurely (Brand-Saberi et al., 1996). Although it is possi-panied by additional molecular changes necessary for mus-
cle differentiation. ble that the antibody acted as an agonist triggering signal
transduction and differentiation, it also is possible that onceIn contrast to the epiblast cells, the number of somite
cells containing MyoD protein did not change in the pres- the antibody was diluted and the cells recovered from its
effect, their close proximity resulted in enhanced adhesionence of function-perturbing antibodies to N-cadherin, even
though the number of myosin positive cells was reduced and differentiation. In either case, engagement of the extra-
cellular domain of the N-cadherin molecule appears to trig-signi®cantly. Some, but not all, segmental plate cells re-
sponded to N-cadherin antibodies with a reduction in ger myogenesis.
Migrating myoblasts do not express detectable levels ofMyoD; however, the decrease in myosin expression was
more extensive than that of MyoD. There are several possi- myogenic regulatory factors such as Myf-5 and remain un-
differentiated (Tajbakhsh and Buckingham, 1994). Duringble explanations for the apparent lack of effect of N-cadh-
erin antibodies on MyoD in somite cultures and their lim- myoblast migration, the strength of N-cadherin-mediated
cell±cell adhesions may be attenuated in response to scatterited effect in segmental plate cultures. First, there may be
a reduction in the amount or activity of MyoD that is not factor/hepatocyte growth factor (SF/HGF) and activation of
its tyrosine kinase receptor, c-met (Bladt et al., 1995). SF/re¯ected in our immuno¯uorescence assay. Second, addi-
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Bellairs, R. (1986). The primitive streak. Anat. Embryol. 174, 1±HGF induces tyrosine phosphorylation of b-catenin and de-
14.creases cadherin-mediated adhesion (Shibamoto et al.,
Behrens, J., von Kries, J. P., Kuhl, M., Bruhn, L., Wedlich, D.,1994).
Grosschedl, R., and Birchmeir, W. (1996). Functional interactionThe results of antibody perturbation studies indicate that
of b-catenin with the transcription factor LEF-1. Nature 382,N-cadherin-mediated cell±cell adhesions play a pivotal role
638±642.
in myogenesis. Transgenic mouse embryos with homozy- Benezra, R., Davis, R. L., Lockshon, D., Turner, D. L., and Wein-
gous mutations in the N-cadherin gene do not express N- traub, H. (1990). The protein Id: A negative regulator of helix±
cadherin (Radice et al., 1997). These embryos die by Day loop±helix DNA binding proteins. Cell 61, 49±59.
10 but do form recognizable, albeit abnormal somites. Cells Bladt, F., Riethmacher, D., Isenmann, S., Aguzzi, A., and Birch-
isolated from the somites of these embryos can differentiate meier, C. (1995). Essential role for the c-met receptor in the mi-
gration of myogenic precursor cells into the limb bud. Natureinto skeletal muscle in vitro; however, they do express an-
376, 768±771.other cadherin(s). This is not surprising considering that
Bradley, R. S., Cowin, P., and Brown, A. M. C. (1993). Expressiondeveloping skeletal muscle cells express multiple cadherins
of Wnt-1 in PC12 cells results in modulation of plakoglobin and(McDonald et al., 1995). It is probable, therefore, that other
increased cellular adhesion. J. Cell Biol. 123, 1857±1865.cadherins are capable of promoting myogenesis in the so-
Brand-Saberi, B., Gamel, A. J., Krenn, V., Muller, T. S., Wilting, J.,mite in the absence of N-cadherin.
and Christ, B. (1996). N-cadherin is involved in myoblast migra-
In summary, we propose that cadherin-mediated adhesion tion and muscle differentiation in the avian limb bud. Dev. Biol.
is required for skeletal muscle differentiation acting both 178, 160±173.
upstream and downstream of MyoD. Changes in the level Buf®nger, N., and Stockdale, F. E. (1994). Myogenic speci®cation in
or type of cadherin expressed, together with factors that somites: Induction by axial structures. Development 120, 1443±
regulate the strength of cadherin-mediated cell±cell adhe- 1452.
Burdsal, C. A., Damsky, C. H., and Pederson, R. A. (1993). The rolesion, likely regulate the progression of skeletal myogenesis.
of E-cadherin and integrins in mesoderm differentiation and mi-
gration at the mammalian primitive streak. Development 118,
829±844.
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